in hemodynamically stable patients as soon as it is safe to perform. 3 Digital subtraction angiography (DSA) is considered the standard of reference to detect and characterize intracranial arterial injuries after PBI. 3 However, DSA is expensive, labor intensive, and potentially difficult to perform in a timely manner when equipment or qualified personnel are limited; hence, DSA is not the optimal diagnostic tool in every patient with PBI. 12 The role of CT angiography (CTA) in the evaluation of patients with PBI has not been investigated. However, the use of CTA has been considered to be of limited diagnostic utility in the presence of metallic artifacts. 6 Techniques to screen for arterial injuries and identify high-risk patients in order to prioritize neurointerventional radiology consultation would be helpful after PBI. The available literature mentions various risk factors for TICA based on the injury profile of the penetrating wound. 1, 4, 8 But these risk factors were derived from wartime TICAs more than a decade ago. The majority of the risk factors were determined via CT studies or plain radiographic assessment of entry wounds, exit wounds, and trajectories of the projectiles, and the vascular injuries were confirmed by conventional angiographies from subacute postinjury clinical phases. Identifying risk factors based on precise imaging characteristics on admission CT can validate the previous findings and potentially reveal new risk factors that can only be assessed by imaging in the acute phase of injury.
The objective of this study was to determine the specific CT findings of the injury profile in PBI that are risk factors related to intracranial arterial injuries.
Methods
The study complied with the Health Insurance Portability and Accountability Act, and we obtained permission from our institutional review board to perform the study at our Level I trauma center. We conducted a retrospective review of a trauma registry containing records for 6110 adults with penetrating trauma. Criteria for inclusion in this study were 1) penetrating trauma to the head, occurring between January 2005 and December 2012, with a total width calvarial fracture and projectile involvement of the brain parenchyma; 2) acquisition of brain CT images at the time of admission and cerebral four-vessel DSA studies during the course of hospitalization; and 3) an age ≥ 18 years. Exclusion criteria were as follows: 1) intracranial injuries without penetration of the cranium, and 2) concomitant neck vessel injuries caused by either multiple entry wounds or the extracranial trajectory of a single entry wound.
variable construction
We analyzed the relationship of 30 study variables on admission head CT images ( Table 1 ). All of these variables were CT findings in patients with PBI. Risk factors identified in the literature were also included: facio-orbitopterional entry sites (Figs. 1-4 ), intracerebral hematoma ( Fig. 2) , shell fragments crossing midline structures (Figs. 4 and 5), wound profile crossing dural compartments, retained fragments, absence of an exit wound (penetrating wound as opposed to perforating wound), missile passage through Reil's triangle, and multiple shells and bone fragments scattered in paths that branch in various directions (Fig. 6 ).
1,2,4,8

Image Interpretation and Definitions
Two trauma radiologists (K.S. and N.S.) with 20 and 2 years of experience, respectively, reviewed the CT images and agreed on findings by consensus. The reviewers were blinded to the DSA findings. The CT images included 5-mm axial sections. All studies were performed using 16-, 40-, or 64-MDCT scanners (Brilliance, Phillips Healthcare). The reviewers assessed and recorded the presence of all the CT variables of craniocerebral trauma. All of the variables were given nominal scores based on the presence (score of 1) versus the absence (score of 0) of each of the CT variables. For subarachnoid hemorrhage (SAH; Figs. 2A and 7), intraventricular hemorrhage (IVH; Figs. 4 left and 5), and parenchymal hematoma, apart from the qualitative analysis, a quantitative analysis was performed. Once these CT findings were identified, the maximum diameter of the parenchymal hematoma was measured perpendicular to the trajectory of the wound ( Fig. 2A) . Subarachnoid hemorrhage was quantified using the Hijdra scale with modifications ( Table 2) . 9 The modification accounts for the hemorrhage over the cerebral hemispheres (Fig. 2) and posterior cranial fossa in addition to the blood in the basal cisterns and sylvian fissures (Fig. 7) , and the score ranges from 0 to 18. The extent of IVH was quantified using a modified Graeb score, whereby a score of 0 (no blood), 1 (sedimentation, < 25% filled), 2 (moderately filled; Fig. 5 ), and 3 (completely filled; Fig. 4 left) was given to each ventricle for a maximum possible score of 12. 7, 9 To describe the entry and exit wounds of the projectiles, the cranium was divided into three regions ( Fig. 8 ): frontobasal, which also included orbitofacial injuries; transtemporal, which included injuries of the pterion, temporal bone, and greater wing of the sphenoid bones; and "other," which included occipital, suboccipital, high parietal, and high frontal injuries. The injuries were further divided into perforating injuries (Figs. 5 and 6) when the profile included entry and exit wounds with a tract through the brain parenchyma, whereas penetrating injuries (Figs. 1 and 4) were defined as a projectile penetrating the parenchyma without an exit wound. Bihemispheric (Figs. 4 and 5) and monohemispheric (Figs. 1 and 2) trajectories were defined as the presence and absence, respectively, of bullet shrapnel crossing the supratentorial midline structures. To describe the injury pattern and location (trajectory of the projectile), the brain was divided into the anterior, middle, and posterior cranial fossa. Proximity to the circle of Willis (COW) was defined as the wound trajectory within 2 cm of the suprasellar cistern ( Figs. 1 and 3) , which is the mean length of the M 1 segment. Any of the CT variables that could not be assessed because of metal artifacts were considered to be missing data. The number of instances in which each CT variable could not be assessed is shown in Table 1 .
The reference standard for arterial injury was the originally reported interpretation of the DSA study performed during the hospital course. The reports were further confirmed by direct review of the images.
Statistical analysis
Baseline CT characteristics of patients with and without arterial injuries were compared using the MannWhitney U-test for continuous variables and the Pearson chi-square test for categorical variables. Analysis was performed on a per patient basis; some of the patients had multiple sites of injury. Patients with a TICA and a concurrent non-TICA injury were considered to have a TICA injury alone. All candidate predictor variables associated with arterial injuries in the univariate analysis were incorporated into a multivariate logistic regression model. To identify the optimal threshold values for the continuous variables, we performed receiver operating characteristic (ROC) curve analysis. For all analyses, a 2-tailed p value of less than 0.05 was considered to indicate statistical significance. Statistical analysis was performed using JMP 
results
Our retrospective review yielded 182 patients with cerebral or neck vessel angiograms obtained by the interventional neuroradiology section. Of these 182 patients, 55 had undergone DSA for suspected intracranial arterial injuries after having undergone admission head CT. These 55 consecutive patients formed the study group. Figure 9 shows the patient selection flowchart. There were 42 men and 13 women, with a mean age of 32 years (range 18-73 years). The mean period between the admission CT and the initial DSA study was 7.9 hours (range 90 minutes-18 hours). Twenty-five patients had follow-up angiograms, all obtained within 13 days of admission (mean 5 days, range 2-13 days). The mechanism of injury was gunshot wound (GSW) in 43 patients (shotgun blast in 3 of the 43), stabbing in 7, and nail gun injury in 4, and 1 patient was impaled by a wooden piece. Twenty-one of the 55 patients with PBIs had arterial injuries. Five of these 21 patients had multiple injuries; 2 patients had 3 different sites of injury, and 3 patients had 2 sites of injury. Twenty-eight arterial injuries were identified: 11 TICAs (Fig. 2C) , 8 dissections (Fig. 3 right) , 6 occlusions (Fig. 4 right) , and 3 carotid-cavernous fistulas (Fig. 1 right) . Among the patients with GSWs (43), there were 16 with arterial injuries, and 7 of them had TICAs. The arterial injuries were located at the middle cerebral artery (MCA) (10), the internal carotid artery (8), the anterior cerebral artery (7), the ophthalmic artery (2), and the posterior inferior cerebellar artery (1) .
After analyzing the missing data, we determined that the data were missing at random and that the missing variable was not dependent on the value of the variable. Missing data were dealt with by a pairwise deletion for univariate analysis and by a listwise deletion for multivariate analysis. 
computed tomography variables in the arterial injury cohort
The results of each CT variable describing the wound profile are shown in Table 1 . Patients were classified into an arterial injury group or a nonarterial injury group. The characteristics that differed between these two groups are shown in the table. The proportion of patients with an entry wound over the frontobasal-temporal regions, a wound trajectory involving bilateral hemispheres, a wound trajectory in proximity to the COW, an SAH, a higher SAH score, an IVH, or a higher IVH score was significantly higher in the group with arterial injuries. The proportion of patients with entry wounds located over the occipital, high parietal, and frontal bones; a trajectory involving the posterior compartment; and a monohemispheric wound trajectory was significantly lower in the arterial injury group. Similar analysis exclusively in patients with GSWs showed identical results, except for the CT variable of SAH, which did not show a statistically significant difference between the arterial and nonarterial injury groups. The quantitative CT variables that had a significantly higher incidence in patients with an arterial injury were a higher SAH score (4.73 ± 2.3 vs 2.88 ± 2.42, p = 0.01 for all PBIs and 4.93 ± 2.46 vs 3.1 ± 2.36, p = 0.03 for GSWs) and a higher IVH score (2.4 ± 3.6 vs 0.6 ± 1.92, p = 0.02 for all PBIs and 2.25 ± 3.4 vs 0.55 ± 1.96, p = 0.027 for GSWs). In the ROC curve analysis, an SAH score of 3 (area under the ROC curve [AUC] for all PBIs 0.72; AUC for GSWs 0.71) and an IVH score of 3 (AUC for all PBIs 0.65; AUC for GSWs 0.65) could be used as threshold values to suggest an arterial injury.
computed tomography variables in the tica cohort
Analysis exclusively in patients with TICAs (11 patients) revealed a single CT variable (SAH score) that had a significantly higher incidence in patients with arterial injuries. Patients with a TICA had a higher SAH score (5.2 ± 2.5 vs 3.2 ± 2.3, p = 0.03 for all PBIs and 5.7 ± 2.7 vs 3.4 ± 2.3, p = 0.03 for GSWs). An SAH score of 6 (AUC 0.71) and 7 (AUC 0.73) could be used as threshold values to suggest a TICA in the PBI group and GSW group, respectively. 
Multivariate logistic regression
There was a mild to moderate correlation between the variables included in the regression analysis (correlation coefficient range -0.51 to 0.45). According to a stepwise logistic regression analysis, a wound trajectory in proximity to the COW was the most reliable factor suggesting an arterial injury (b = 0.96, 95% CI 0.31-1.68, SE 0.34, OR 6.8, and p = 0.005 for all PBIs; b = 1.29, 95% CI 0.55-2.16, SE 0.4, OR 13.3, and p = 0.001 for GSWs).
Discussion
In this study, we systematically analyzed the CT variables of craniocerebral injury patterns in patients with PBI and determined the risk factors related to the presence of underlying arterial injuries. According to our results, an entry wound over the frontobasal-temporal regions, a wound trajectory involving bilateral hemispheres, a wound trajectory in proximity to the COW, an SAH, a higher SAH score, an IVH, and a higher IVH score were risk factors for arterial injuries. Patients with monohemispheric wound trajectory; entry wounds located over the occipital, high parietal, or high frontal bones; or a trajectory involving the posterior compartment were less likely to sustain an arterial injury. In the patient subgroup with TICAs, the only risk factor identified was a higher SAH score. The derived risk factors include well-recognized and simpleto-assess CT variables from admission head CTs following PBI. Patients considered to have a high risk of arterial injury should be evaluated with angiography. Computed tomography angiography, as a noninvasive option, has become a standard for PBI evaluation; however, the accuracy of this modality has not been established in the literature. We support the view that all patients with PBI should be screened with CTA. Moreover, those patients with established CT risk factors should be further evaluated with the gold standard DSA study to rule out arterial injuries, regardless of a negative CTA.
Similar to the studies by Aarabi 1 and Amirjamshidi   Fig. 7 . Axial CT image demonstrates SAH in a 52-year-old man after a stab wound. A score of 3 was given to the basal cisterns, as they were completely filled with blood (curved arrow), and a score of 6 was given to the sylvian fissures, as they were completely filled with blood on both sides (arrowhead). et al., 4 our analysis showed a statistically significant increased risk of arterial injuries in patients with frontobasal (frontal, facial, orbital) pterion (entire temporal and low parietal) entry wounds or a bihemispheric wound trajectory. However, in contrast to the authors cited above, we did not find a statistically significant difference between intracranial hematoma, projectiles crossing the dural compartments, mode of injury (penetrating vs perforation), multiple bullet or bone fragments scattered in paths that branch in various directions, and arterial injury or TICA. Bihemispheric injury (shrapnel crossing midline structures) is a form of transdural injury and was statistically significant. However, the CT variable transdural injury had no significant association with arterial injuries. This finding can be explained by the fact that transdural injuries also include the transtentorial wound trajectory, which is not associated with arterial injuries, making the whole group of transdural injuries a nonsignificant variable. Even the two CT variables that showed concordance with the established risk factors were not significant in the analysis performed exclusively in patients with TICAs.
We identified a number of new risk factors related to arterial injuries and TICA. A wound trajectory in proximity to the COW (< 2 cm), an SAH, an IVH, a higher SAH score, and a higher IVH score are all newly identified risk factors shown to be associated with arterial injuries. The SAH score is a new, and the only, CT variable that had predictive significance with TICAs. A wound trajectory in proximity to the COW was the best predictor of arterial injury, as shown by logistic regression analysis. The odds ratios indicated that patients with such a trajectory are more than 7 times more likely to have an arterial injury among those with any PBIs and 13 times more likely to have an arterial injury among those with GSWs.
The reason for the discrepancy between the results from Aarabi and Amirjamshidi et al. and our results may be related to the difference in the number of patients included in our cohort, the difference in the mechanism of injury, the postinjury phase of evaluation, and perhaps from the precise localization of wounds given the availability of CT. All previous reports have involved wartime injuries from subacute postinjury clinical phases. Battlefield injuries differ from civilian injuries in that intracranial vascular injuries result from blast phenomenon and high-energy penetrating shrapnel, as opposed to low-energy bullet injuries in civilian cases. 5 Moreover, the dynamic nature of traumatic arterial lesions may have resulted in the evolution of these injuries, and hence an accurate comparison of our results from acute-phase civilian injuries and the previously reported findings from delayed-phase wartime injuries may not be possible.
Our study has several limitations. First, its design is retrospective. Second, some significant CT variables may have been excluded from analysis, as CT variable selection was performed based on the previously identified risk factors, and some of the variables were selected by the study team members based on their clinical experience. The third limitation is the consensus interpretation of the CT findings. Consensus hardly reflects clinical practice, and mere consensus does not imply the correctness of a diagnostic decision in the absence of a reference standard for all the evaluated CT variables. Finally, the small study cohort of a civilian population may limit the generalizability of the conclusions.
conclusions
Radiologists might suggest the possibility of intracranial arterial injuries based on admission head CT findings after PBI. Patients with such injuries should be directed toward an early neurointerventional consultation and potential DSA, despite a negative CTA study. However, future validation of these results from a large civilian PBI cohort is necessary. 
